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ABSTRACT 

A s team eng ine  d e s i g n  and expe r imen ta l  program is e x p l o r i n g  t h e  e f f i c i e n c y  
p o t e n t i a l  o f  a small 25 kW compound r e h e a t  c y c l e  p i s t o n  eng ine .  An e n g i n e  
e f f i c i e n c y  o f  35 p e r c e n t  is e s t i m a t e d  f o r  a 700°C steam tempera tu re  from 
t h e  s o l a r  r e c e i v e r .  

BACKGROUND 

The p a r a b o l i c  d i s h  s o l a r  c o n c e n t r a t o r  p r o v i d e s  an  o p p o r t u n i t y  to  g e n e r a t e  
h i g h  g rade  energy  i n  a modular system. Most o f  t h e  c a p i t a l  c o s t  is p r o j e c t e d  
t o  b e  i n  t h e  2 i s h  and i t s  i n s t a l l a t i o n .  Assurance of  a  h i g h  p r o d u c t i o n  
demand o f  a s t a n d a r d  d i s h  c o u l d  l e a d  t o  d r a m a t i c  cost r e d u c t i o n s .  High 
~ r o d u c t i o n  volume i n  t u r n  depends upon maximum a p p l i c a t i o n  f l e x i b i l i t y  by 
p r o v i d i n g  energy  o u t p u t  o p t i o n s ,  e .g.  h e a t ,  e l e c t r i c i t y ,  chemica ls  and 
combinat ions  t h e r e o f .  S u b s e t s  o f  t h e s e  o p t i o n s  i n c l u d e  ene rgy  s t o r a g e  and 
combustion a s s i s t .  

I n d i v i d u a l  d i s h  mounted eng ine  g e n e r a t o r  sets r e p r e s e n t  a major  market  
o p p o r t u n i t y  . 
The Market 

P r o j e c t i n g  new p roduc t  market  p o t e n t i a l  i s  a r i s k y  b u s i n e s s .  Presuming 
s u c c e s s  i n  meeting system c o s t  and performance g o a l s ,  d i sh -eng ine  p r o d u c t i o n  
h a s  been s t u d i e d  i n  t h e  10,000 t o  100,000 r ange  o f  annua l  u n i t  volume. 

S e l e c t i o n  o f  t h e  b e s t  eng ine  t y p e  from among t h e  Brayton ,  S t i r l i n g  and 
Rankine engines  w i l l  have t o  w a i t  f o r  development r e s u l t s .  

The Steam Rankine Engine 

The p o s i t i v e  d i sp l acemen t  steam eng ine  is  a n  e x c e l l e n t  f i t  i n  t h e  component 
cha in .  High e f f i c i e n c y  a t  modera te  t empera tu re s  (55 t o  59 p e r c e n t  of  Ca rno t )  
y i e l d s  h igh  d i s h  and r e c e i v e r  e f f i c i e n c i e s  as w e l l .  Engine e f f i c i e n c y  is 
i n s e n s i t i v e  t o  l o a d  and ambient  v a r i a t i o n s .  A h i g h  e f f i c i e n c y  60 Hz alter- 
n a t o r  can  be d i r e c t l y  d r i v e n .  Waste h e a t  i s  a c c e s s i b l e  and a t  a  u s e f u l  
tempera ture .  Conkust ion a s s i s t  and thermal  s t o r a g e  c o u p l i n g  a r e  s t r a i g h t -  
forward.  

A l l  o f  t h e  hardware is c o n v e n t i o n a l  i n  m a t e r i a l s  o f  c o n s t r u c t i o n  and v i r t u a l l y  
a l r e a d y  mass p ~ d u c e d .  The needed r e s e a r c h  is l i m i t e d  to  t h e  d u r a b i l i t y  
development of t h e  h o t  c y l i n d e r ,  v a l v e s  and long term w a t e r  q u a l i t y  needs .  



DESIGN STUDY 

Two independent  s t eam eng ine  d e s i g n  s t u d i e s  were conducted  f o r  t h e  DQE para -  
b o l i c  s o l a r  d i s h  program managed by JPL. NASA LeRC as s o l a r  eng ine  consu l -  
t a n t s  c o n t r a c t e d  w i t h  Say C a r t e r  E n t e r p r i s e s  (1) and o u r s e l v e s ,  F o s t e r - M i l l e r  
A s s o c i a t e s  (FMTi) ( 2 )  f o r  p a r a m e t r i c  2nd p r e l i m i n a r y  d e s i g n s .  The r e s u l t s  
were ve ry  s i m i l a r  i n  concep t  and performance p o t e n t i a l .  

The system arrangement p l a c e s  t h e  h i g h  t empera tu re  and p r e s s u r e  eng ine  compo- 
n e n t s  i n  the shadow o f  t h e  r e c e i v e r .  The 60  Hz g e n e r a t o r  is d i r e c t l y  d r i v e n .  
An a tmospher ic  p r e s s u r e  condensor is  mounted. on t h e  ground and coo led  w i t h  a 
n a t u r a l  d r a f t  s t a c k .  FMA s e l e c t e d  a d r a i n  down sump b u r i e d  below t h e  frost 
l i n e .  The wa te r  boost/emergency r e c e i v e r  c o o l a n t  pump and e l e c t r o n i c s  a r e  
a l s o  a t  ground l e v e l .  

Compound expans ion  r e h e a t  c y c l e s  were chosen t o  maximize e f f i c i e n c y  ( F i g u r e  1) .  
One h igh  p r e s s u r e  c y l i n d e r  and m e  low p r e s s u r e  c y l i n d e r  were p r e d i c t e d  to be 
a s  e f f i c i e n t  a s  any o t h e r  combinat ion o f  c y l i n d e r  numbers. 

Performance Ana lys i s  

FMAl c ~ m b i n e d  w i t h  a c q u i s i t i o n  of t h e  eng ine  r e s e a r c h  group o f  S c i e n t i f i c  
Enerqy Systems, I n c . ,  has  developed a steam expander  p e r f c m a n c e  model. T h i s  
work ( 3 )  is  based  on 5,000 hour s  of  s team expander t e s t i n g  a t  a n  i n l e t  temper- 
a t u r e  o f  5400C. The impor t an t  concu l s ions  from this work were used t o  a n a l y z e  
t h e  p o t e n t i a l  o f  c y c l e  v a r i a t i o n s  matched t o  s p e c i f i c  expander  d e s i g n s  
(F igu re  2 ,  Table  1 ) .  

Trends of i n t e r e s t  a r e  t h e  in f l r l ences  o f  t empera tu re  and p r e s s u r e  r a t i o s .  
Xncreasinq i n l e t  t empera tu re s  r e s u l t  i n  i nc reas i t i g  e f f i c i e n c y  n e a r l y  propor-  
t i o n a l  t o  t h e  respec t i .de  Carnot  e f f i c i e n c i e s .  I n c r e a s i n g  p r e s s u r e  r a t i o s  
i n c r e a s e  s f f i c i e c c y  b u t  w i t h  l i t t l e  b e n e f i t  a t  t h e  h i g h e r  p r e s s u r e s .  The 
l i m i t i n q  f a c t o r s  a r e  t h e  o n s e t  of c y c l i c  h e a t  t r a n s f e r  i n  t h e  c y l i n d e r s  when 
t h e  h ighe r  expans ion  r a t i o s  d r i v e  t h e  e x h a u s t  t empera tu re  below t h e  i n l e t  
s team s a t u r a t i o n  t empera tu re  and i n c r e a s i n g  f r i c t i o n  l o s s e s  i n  t h e  l a r g e r  low 
p r e s s u r e  c y l i n d e r s  r e q u i r e d  to hand le  t h e  i n c r e a s i n g  e x h a u s t  volume. 

P re l imina ry  Design Study 

The s e l e c t e d  c y c l e  and d e s i g n  approach were matched t o  a r e h e a t  s team r e c e i v e r  
s t u d y  conducted by AiResearch.  The peak steam p r e s s u r e  and t e m p c ~ a t u r e  were 
s e l e c t e d  based on t-he demonst ra ted  p r o p e r t i e s  o f  s t a i n l e s s  s t e e l s .  ASME code  
p r o p e r t i e s  f o r  3 1 6 s  were judged to  b e  adequa te  b u t  Inco loy  ROOHI  a n  i r o n  
based  h i q h e r  a l l o y ,  i s  sugges t ed  as  a more cost e f f e c t i v e  m a t e r i a l  f o r  t h e  
h igh  p r e s s u r e  tub ing .  

The enq ine  s p e c i f i c a t i o n s  (Tab le  2 ,  F i g u r e  3 )  c a l l s  f o r  a l@w p i s t o n  speed ,  
30 Hz expander o f  moderate d i sp l acemen t .  Engine e f f i c i e n c y  o v e r  t h e  load  
r ange  exceeds  34 p e r c e n t .  

Four f e a t u r e s  o f  t h e  sys tem d e s i g n  are unproven. The f i r s t  i s s u e  is t h e  
v a l i d i t y  o f  t h e  performance model. The s u p p o r t i n g  d a t a  is d e r i v e d  from a 
lower t empera tu re  b u t  h i g h e r  s t a g e  p r e s s u r e  ra t io  engine .  The e x t r a p o l a t i o n  



FIGURE 1. ENGINE SCHEMATIC 



TAPLE 1. PARAMETRIC DESIGN DETAILS 

TABLE 2. PRELIMINARY DESIGN SPECIFICATiON ----- 
Tkw r y l i n d e r ,  o l y n v d ,  s i n q l r  t h r o w  c r a n k  
S i n o l c  act i ~ q  wit 11 C I O S S ~ P I ~ ~  

Cocn}nur~tl r x p a n x i o n  W I  t h  r c h r a t  
I n l - t  t r fqv - ra tu rn -  973K (1292F)  
Atnosphe t  i c  p r e s s u r e  t . o ~ d r n s  i n q  
I'olywt v a l v e s .  f r r d w a t c r  p r r s s u r e  ac - tun tcd  
W u n t r t f l o r :  3 t  c l r a r a n c c  w l m  
c ' . ~ r t u ~ ~  p l r t o n  r i n q s  ( n o  011 i n  s t e a m )  
s}wc,I:  hnn r a d i s  (1ROV rpml r m n l n a l  - a c t u a l  = 1840  rw 
S t r o k e :  CR m 0.67 i n . )  
P i s t o n  q w r d :  4 . 1  s 'a  (ROO f t / m l n )  

Des ign  
P o i n t  ---- 

21 
1 8 . 0  
l h . 0  (136)  

4 . 2  (602)  
163 ( 5 2 . 6 )  
25 .3  133.9)  
R 7 . 9  
15 .9  

' 42 .1  
31.0 

t l r r t r  i c  o u t p t t t ,  kWr 
Cu t -o f f  ( 8 )  
F l w  r a t e ,  9 1 s  ( I b / h r )  
S t a g e  I  WI., M r a  ( l b / l n . z )  
S t ag*  11 WI'. k r a  ( l b . ' ~ n . ~ )  
I ~ W  ( I t l r )  
Expander e l f  1 c . i r w y  ( 8 )  
Eng ine  e l f  1. l c n r y  ( 8 )  
A l t o r n n t u r  r f f  i r i r n t - y  
Net e i r c t r r r r l  e f f ~ ~ ~ c n c - y  ~ b )  



i a  done f r a n  b a s i c  p r i n c i p a l s  s t a r t i n g  from i n d i v i d u a l l y  measured l o s s e s  such 
a8 f r i c t i o n ,  p r e s s u r e  and h a a t  t r a n s f e r .  A s e n s i t i v i t y  a n a l y s i s  of each l o s s  
mechaniem i n d i c a t e s  t h a t  t h e  n e t  e f f i c i e n c y  is r a t h ~ r  fo rg iv ing .  The r e h e a t  
steam c y c l e  is uniquely fo rg iv ing  of i n t e r n a l  losoes  by v i r t u e  o f  i ts h igh ly  
r e g e n e r a t i v e  n a t u r e  ( r e h e a t  recovery and feedwater h e a t e r )  and low pumping 
power (15 percen t )  . 

. 'I' 

#: : 

The high steam temperatcre is unusual i n  a steam power system. F o s s i l  f u e l e d  
p l a n t s  are pr imari ly '  l i r a i t ed  by s u l f u r  cor ros ion  on t h e  a i r  s i d e .  I n t e r n a l l y ,  
steam t u r b i n e s  a r e  considered t o  be l i f e  l i m i t e d  by p a r t i c u l a t e  a ros ion  of t h e  
t r a n s o n i c  b lades  and low c y c l e  f a t i q u e  o f  t h e  massive r o t o r s .  The smal l  p i s t o n  
engine is r e l a t i v e l y  f r e e  o f  t h e s e  problems. A more s e v e r e  problem may be t h e  
long term water q u a l i t y  t h a t  can be  economically provided i n  t h e  f i e l d .  

'XWc des ign  cho ices  recolmneded f o r  development are dry  l u b r i c a t e d  p i s t o n  r i n g s  
and water  p r e s s u r e  a c t u a t e d  hydrau l ic  va lves .  O i l  l u b r i c a t e d  r i l tgs  have been 
proven i n  steam with  a 370°c f a c e  temperature i n  a 540°c expander. A similar 
environmen' could be obta ineu r o r  t h i s  des ign us ing t h e  hidden and cooled 
techniques  used i n  S t i r l i n g  engines  w i t h  p l a s t i c  r i n q s .  A v o i d a ~ c e  o f  o i l  
carryover  and cy l inder  coo l ing  i o s s e s  sugges t s  t h a t  d ry  1 - jb r ica t ion  is a 
va luab le  goal.  

S i m i l a r l y  t h e  va lve  a c t u a t i o n  system could be accomplished wi th  a cam and 
tappe t  system and/or a p i s t o n  opened bash va lve  on t h e  in take .  I t  was f e l t  
t h a t  performance, canp lex i ty ,  l i f e ,  apd s e a l i n g  w o ~ l d  a l l  b e n e f i t  from feed- 
water  p r e s s u r e  ac tua ted  p i s t o n s  on t h e  va lve  stems. 

EXPANDER RESEARCH 

FMA is s t a r t i n g  t o  test t h e  c r i t i c a l  expander f e a t u r e s  o f  t h e  p re l iminary  
des ign.  Funding i s  provided by DOE through a small bus iness  p r o q a m  f o r  
Innovat ive  Research on S o l a r  Thermal Power Systems ( 4 ) .  

A pro to type  compound expander following t h e  g e n e r a l  p r i n c i p a l s  and s i z i n g  
r e s u l t s  of t h e  study has  been b u i l t  t o  t e s t  c y l i n d e r  performance, dry  
( g r a p h i t e )  p i s t o n  r i n g s  and water ac tua ted  valves .  

The f i r s t  b u i l d  g r a p h i t e  p i s t o n  r i n g s  a r e  r e c t a n g u l a r  unbalanced snap types .  
P ressure  balancinq can be incorporated i n  l a t e r  b u i l d s  when b a s i c  p r e s s u r e  
v e l o c i t y  wear d a t a  is obta ined.  Other a l t e r n a t i v e  p i s t o n  s e a l i n g  methods 
such a s  hard on hard p a i r s  and c o n t r o l l e d  leakage o p t i o n s  can a l s o  be 
researched.  

The valve  a c t u a t i o n  method is  c u r r e n t l y  s u b j e c t  t o  Government p a t e n t  d i s c l o s u r e .  
I n  p r i n c i p a l  feedwater p r e s s u r e  o p e r a t e s  on a l t e r n a t e  s i d e s  of a p i s t o n  on 
t h e  va lve  stem. A mechanically d r i v e n  spool  v a l - ~ e  swi tches  t h e  water and is 
c l o s e  coupled t o  t h e  valve  ? i s t o n  t o  minimize l i n e  dynamics. Squeeze f i l m  
dampening i s  used on both  ends of t h e  va lve  s t r o k e  t o  c o n t r o l  impact v e l o c i t i e s .  

The expander des ign is intended t o  grow i n t o  a f i e l d  demonstration engine 
i f  t h e  resea rch  r e s u l t s  a r e  encouragrng. For example, the  crankcase  inc ludes  
complete balancing s h a f t s  and accessory d r i v e  s h a f t s .  
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VALVE ACTUATORS 

FIGURE 3. PRELIMINARY EXPANDER DESIGN 




